BCR/ABL is generated by the t(9,22) (q34;q11) Philadelphia chromosome (Ph) translocation and is the transforming protein in chronic myelogenous leukemia (CML) (5, 26, 47, 56) . There is clonal expansion of progenitor cells of several different hematopoietic lineages, and patients characteristically have high leukocyte counts due to accumulation in the blood of immature cells of the granulocytic lineage (7) . Primary CML cells demonstrate reduced apoptosis (4) , altered adhesion to fibronectin (64) , and hypermotility (48) . Although immature hematopoietic CML cells are traditionally felt to be dependent on hematopoietic growth factors for viability (45) , recent studies have shown that CD34 ϩ lineage cells can be factor independent, possibly through an autocrine mechanism (31) .
The exact mechanism of transformation by BCR/ABL is not known. The ABL tyrosine kinase activity is required for transformation by BCR/ABL (38) , and there are also several other signaling pathways which are believed to contribute to transformation. For example, binding of the GRB2/SOS complex to tyrosine 177 in BCR is important for p21 RAS activation and is believed to contribute to transformation (1, 42, 44) . BCR/ABL also phosphorylates a number of other signaling proteins, including STAT5 (8, 30, 57) , SHC (37) , c-CBL (3, 39, 51) , and paxillin (49) . However, none of the known signaling events clearly explains the myeloproliferative phenotype of BCR/ABL in CML. Additionally, it has been very difficult to link activation of any individual signaling pathway by BCR/ABL, such as p21 RAS , to a specific biological abnormality, such as factor independence. In particular, identification of a pathway regulated by BCR/ABL which directly causes myeloproliferation would be of great value in understanding the pathogenesis of CML.
SHIP is a 145-kDa protein originally identified because of its interaction with SHC (14, 35) . SHIP was found to be an SH2-containing inositol phosphatase which selectively hydrolyzes the 5Ј-phosphate from inositol-1,3,4,5-tetraphosphate [Ins(1,3,4,5)P 4 ] and phosphatidylinositol-3,4,5-trisphosphate [PtdIns(3,4,5)P 3 ]. SHIP is transiently tyrosine phosphorylated by growth factor stimulation and activation of immune receptors (9, 14, 40) . The SHIP-related and more widely expressed SHIP2 (27, 43) is also tyrosine phosphorylated by growth factors and in BCR/ABL-transformed cells (24, 66) . SHIP2 has, like SHIP, PtdIns(3,4,5)P 3 -specific 5Ј-phosphatase activity (24, 66) but may not hydrolyze Ins(1,3,4,5)P 4 (66) .
Mice with a disruption of the SHIP gene were found to be viable and fertile but failed to thrive, developing a myeloproliferative disorder with extensive infiltration of myeloid cells in the lung. Of further interest, marrow progenitor cells were hyperresponsive to hematopoietic growth factors (28) . This is of special interest since this myeloproliferative phenotype is similar to that of BCR/ABL transformation in mice (13, 18, 25, 32) . Although the mechanism whereby loss of SHIP expression might lead to a myeloproliferative disease is not known, it has been suggested that SHIP functions in part to modify a signaling pathway which is initiated by activation of phosphatidylinositol 3-kinase (PI3K) (2, 29) , a lipid kinase already known to be activated and important for BCR/ABL transformation (58) . For example, SHIP would be expected to metabolize the PI3K lipid product, PtdIns(3,4,5)P 3 , to PtdIns(3,4)P 2 (14) . However, it is not clear how such changes in lipid metabolism result in a myeloproliferative state.
In this study, we show that SHIP protein levels are decreased by BCR/ABL through a reversible mechanism that requires ABL kinase activity. Reexpression of SHIP in BCR/ABLtransformed cells was found to alter at least one characteristic of BCR/ABL transformation. Since loss of SHIP by gene targeting leads to a myeloproliferative syndrome, these studies further implicate phosphatidylinositol pathways as critical in the pathogenesis of CML.
MATERIALS AND METHODS
Cell culture. The murine hematopoietic line Ba/F3 was grown in RPMI 1640 medium with 10% (vol/vol) fetal calf serum (FCS) and 10% (vol/vol) WEHI-3B conditioned medium (as a source of murine interleukin-3). Ba/F3 cell lines transfected with a TEL/ABL cDNA (BaF3/TEL-ABL) and a BCR/ABL cDNA (BaF3/p190 and BaF3/p210) were grown in RPMI 1640 medium with 10% (vol/vol) FCS. A Ba/F3 cell line transfected with a BCR/ABL cDNA under the control of a tetracycline-inducible promoter (33) (BaF3/TonB210.1; kindly provided by G. Q. Daley, Massachusetts Institute of Technology, Cambridge) and a Ba/F3 cell line expressing a kinase-dead form of p190 BCR/ABL (BaF3/p190-k.d.; kindly provided by A.-M. Pendergast, Duke University, Durham, N.C.) was grown in RPMI 1640 medium with 10% (vol/vol) FCS and 10% (vol/vol) WEHI conditioned medium. The expression of BCR/ABL in BaF3/TonB210.1 cells was induced by treatment with doxycycline (1 g/ml). In some experiments, Ba/F3 and BaF3/TonB210.1 cells were deprived of growth factors for 18 h in RPMI 1640 medium containing 0.5% (wt/vol) bovine serum albumin. In addition, some cells were treated with LY294002 (Sigma, St. Louis, Mo.), wortmannin (Sigma), or the ABL-specific tyrosine kinase inhibitor CGP57148B (STI571; kindly provided by Novartis, Basel, Switzerland) (17) . The Ph-positive cell lines BV173, K562, and Ku812, and the Ph-negative lymphoid cell lines Blin-1, Molt-4, Nalm-6, and REH were grown in RPMI 1640 medium with 10% (vol/vol) FCS. Hematopoietic progenitor cells from CML and acute lymphoblastic leukemia (ALL) patients were obtained from bone marrow aspirates with informed consent, using Dana-Farber Cancer Institute-approved protocols.
Immunoprecipitation and Western blotting. Immunoprecipitation and Western blotting using a chemiluminescence technique were performed as described elsewhere (50) . Tyrosine-phosphorylated proteins were detected by using monoclonal antibody 4G10 (kindly provided by B. Druker, Oregon Health Science University, Portland). A mouse monoclonal antibody against SHIP (P1C1) and polyclonal rabbit antisera against SHIP (5340) and SHP2 (Santa Cruz Biotechnology, Santa Cruz, Calif.) were used for Western blotting or immunoprecipitation.
Northern blotting. The level of SHIP mRNA in BV173, K562, and Ku812 cells was analyzed by Northern blotting using standard methods. cDNA probes from the 3Ј of murine SHIP (bases 2703 to 3573) and human G3PDH (glyceraldehyde-3-phosphate dehydrogenase) (53) were used. The cDNA probes were labeled with [ 32 P]dCTP by using Klenow fragment (High Prime kit; Boehringer, Mannheim, Germany) and purified with ProbeQuant G-50 microcolumns (Amersham Pharmacia Biotech, Piscataway, N.J.). Total RNA was isolated with Trizol reagent (Life Technologies, GibcoBRL, Gaithersburg, Md.) and used to prepare mRNA (Message Maker; Life Technologies, GibcoBRL) to evaluate gene expression. Bound probe was analyzed by phosphorimaging analysis (FLA-2000 fluorescent image analyzer; Fuji Photo Film Corp., Stamford, Conn.).
Southern blotting. Genomic DNA was isolated from Blin-1, BV173, K562, and Ku812 cells by using a Wizard genomic DNA purification kit (Promega) according to the manufacturer's directions. For Southern analysis, 10 g of genomic DNA was digested with restriction enzymes PstI, EcoRI, and XbaI (New England Biolabs, Beverly, Mass.) or restriction enzyme HindIII (Life Technologies, GibcoBRL), and the sample was separated on a 0.7% agarose gel by using standard methods. cDNA probes from the 5Ј end of murine SHIP (bases 4 to 486) and from the 3Ј end of murine SHIP (bases 2703 to 3573) were used. The cDNA probes were labeled and purified as described above, and bound probe was analyzed by autoradiography.
[ 35 S]methionine labeling and pulse-chase analysis. The half-life of SHIP protein was estimated by 35 S labeling of cellular proteins and subsequent pulsechase. Logarithmically growing cells were washed twice in methionine-free RPMI 1640 medium (Gibco BRL, Grand Island, N.Y.) and starved in methionine-free RPMI 1640 medium with 10% (vol/vol) dialyzed FCS (Gibco BRL) at 10 ϫ 10 6 cells/ml for 1 h. Methionine-starved cells were incubated for 1 h with 200 Ci of [
35 S]methionine (NEN Life Science, Boston, Mass.) per ml, then washed twice in RPMI 1640 medium supplemented with 150 g of methionine per ml, and resuspended in regular growth medium supplemented with methionine. Aliquots of cells were removed at different time points after labeling, the cells were lysed, and the cellular lysate was used for immunoprecipitation as described above, using SHIP monoclonal antibodies. The samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, Mass.). The dried membranes were sprayed with En 3 Hance (NEN) and exposed to BioMax film (Eastman Kodak Company, Rochester, N.Y.) at Ϫ80°C.
Expression constructs. A murine SHIP cDNA (35) was subcloned into the EcoRI site of the pPINCO expression vector (23) (kindly provided by P. G. Pelicci, European Institute of Oncology, Milan, Italy) and expressed under the control of the Moloney virus long terminal repeat promoter. This retroviral expression vector also expresses an enhanced green fluorescence protein (EGFP) under the control of a separate cytomegalovirus promoter. Ecotropic retroviruses for infection of Ba/F3 cells were generated in the Phoenix-Eco packaging cell line (kindly provided by G. P. Nolan, Stanford University, School of Medicine, Stanford, Calif.) as described elsewhere (41) . In addition, a murine SHIP cDNA was subcloned into the EcoRI site of the pTRE expression vector (Clontech Laboratories, Palo Alto, Calif.) and used for transfection into Ba/F3 cells that were stably transfected with pTet-On (Clontech Laboratories) (pTetOn transfected cells were kindly provided by G. Q. Daley).
Transwell migration assay. The membranes of transwell chambers (8-mpore-size polycarbonate membrane; Corning Costar Corp., Cambridge, Mass.) were coated with 10 g of fibronectin (Life Technologies, GibcoBRL) per ml for 18 h. Cells were counted in a Coulter counter (Coulter Counter Z2; Beckman Coulter, Fullerton, Calif.), and 0.2 ϫ 10 6 cells in 100 l were transferred to the upper chamber in AIM V medium (Life Technologies, GibcoBRL) containing different stimuli. After 5 h, cells in the lower compartment were concentrated by centrifugation and living cells counted by trypan blue exclusion. The spontaneous transwell migration of cells was expressed as a migration index (number of migrating cells treated or infected with a pPINCO-SHIP retrovirus divided by the number of migrating cells left untreated or infected with the pPINCO control virus). The standard error of the mean was calculated from the migration indices of independently performed experiments.
Proliferation and viability assays. The number of viable cells was determined by trypan blue exclusion or annexin V (Boehringer Mannheim, Indianapolis, Ind.) staining, and the cell number was determined with a Coulter particle counter (Coulter Counter Z2).
RESULTS
BCR/ABL kinase activity is required for the downregulation of SHIP protein levels. In a preliminary study, we noted that the expression of SHIP protein was reduced in a Ba/F3 cell line transformed with p210 BCR/ABL compared to the parent cell line (52) . To determine if downregulation of SHIP was a general phenomenon associated with BCR/ABL transformation or only clonal variation of two cell lines, we measured SHIP protein levels in Ba/F3 cells expressing wild-type p190 BCR/ ABL and in Ba/F3 cells expressing a kinase-dead mutant of p190 BCR/ABL. SHIP protein was reduced in cells transformed by p190 BCR/ABL and was increased when the p190 BCR/ABL kinase activity was inhibited by the ABL-specific tyrosine kinase inhibitor CGP57148B (STI571) (Fig. 1A, left) . In contrast, in cells expressing the kinase-dead mutant, the SHIP protein was present and treatment with CGP57148B did not alter SHIP levels. Ba/F3 cells transformed with TEL/ABL (21) have detectable, but low, SHIP levels compared to untransformed cells, and SHIP protein was increased following treatment with CGP57148B (Fig. 1A, right) . These results indicate that transformation by three different forms of ABL oncogenes was associated with decreased expression of SHIP protein, and that this effect was reversible with a small-molecule kinase inhibitor.
To further evaluate the relationship of SHIP levels to BCR/ ABL kinase activity, kinetics and dose-response assays for CGP57148B on SHIP protein levels were performed. Totalcell lysate of BaF3/p210 cells treated for 0 to 18 h with CGP57148B was analyzed by antiphosphotyrosine and SHIP Western blotting (Fig. 1B, left) . Total-cell tyrosine phosphorylation was reduced within 1 h of CGP57148B treatment. Increased expression of SHIP protein was time and dose dependent (Fig. 1B) .
To confirm the inverse relationship between BCR/ABL kinase activity and SHIP protein expression, BCR/ABL was expressed under the control of a tetracycline-inducible promoter (Fig. 1C) . The induction of BCR/ABL protein correlated directly with increased cellular tyrosine phosphorylation and decreased SHIP protein expression. BCR/ABL protein was significantly induced within 3 h of doxycycline treatment, and the level of SHIP protein was reduced within an additional hour.
These results indicate that the inhibitory effect of BCR/ABL on SHIP is both rapid and reversible. These effects were also specific for SHIP, since expression of a variety of other signaling proteins, including c-ABL, SHP2, c-CBL, PI3K, VAV, SHC, and paxillin, was not found to be changed (data not shown).
The half-life of SHIP is reduced in BCR/ABL-transformed Ba/F3 cells. To determine if the reduction in SHIP levels was due to accelerated metabolism of the SHIP protein in BCR/ ABL-transformed cells, SHIP protein half-life was measured. The half-life of SHIP was estimated at 17 h through a pulsechase experiment in Ba/F3 cells, using a 1-h pulse with [ 35 S]methionine ( Fig. 2A) . This value is consistent with a previous report of 10 h in DA-ER cells (15) . In BCR/ABL-transformed cells, pulse-chase experiments were unsuccessful due to the extremely low level of SHIP protein. We therefore used a different technique to estimate SHIP half-life. BaF3/p210 cells were treated with CGP57148B for 18 h to induce SHIP expression, and then CGP57148B was washed out (Fig. 2B,  left) , resulting in rapid reactivation of BCR/ABL kinase activity. The subsequent decrease of SHIP protein was then measured by Western blotting. SHIP protein levels were reduced by more than half within 3 h of CGP57148B removal (Fig. 2B) , suggesting that the actual half-life of SHIP in BCR/ABL cells was 3 h or less. The blots in Fig. 2 were stripped and reprobed for SHP2 to demonstrate equal loading of protein. Treatment with the ABL kinase inhibitor CGP57148B did not alter cellular tyrosine phosphorylation and did not affect SHIP levels of untransformed Ba/F3 cells (Fig. 2B, right) . Therefore, the halflife of SHIP in BCR/ABL-transformed cells is likely to be significantly reduced compared to untransformed cells, although we were unable to use identical methods to compare transformed and untransformed cells. A change in SHIP protein half-life may be due to the activation of protein degradation pathway; however, specific inhibitors such as MG132 (46) VOL. 19, 1999 BCR/ABL REGULATES THE LEVEL OF SHIP PROTEIN EXPRESSION 7475 addition to transfected cell lines, the Ph-positive CML cell line BV173 was treated with CGP57148B for 0 to 18 h. The tyrosine phosphorylation of multiple cellular proteins was reduced within 1 h of CGP57148B treatment, and SHIP protein increased within 1 h of treatment but was not maximal until 18 h (Fig. 3A, left) . A significant reduction of cellular tyrosine phosphorylation and induction of SHIP protein was observed with 0.5 M CGP57148B (Fig. 3A, right) . We examined two other Ph-positive cell lines for SHIP expression and found that K562 and Ku812 cells had undetectable levels of SHIP (Fig. 3B, left) . In contrast to BV173 cells, however, CGP57148B did not induce SHIP expression. We also tested the BCR/ABL-negative and Ph-negative human leukemia cell lines Blin-1, Molt-4, Nalm-6, and REH and evaluated their responses to CGP57148B (Fig. 3B, right) . The ABL kinase inhibitor did not alter cellular tyrosine phosphorylation or SHIP protein expression in any of these Ph-negative cell lines. However, the ratio of SHIP protein to SHP2 protein was variable. These data suggest that SHIP protein expression may vary considerably among human leukemia cell lines, even when they do not express BCR/ABL. Finally, the expression of SHIP was measured in bone marrow samples of patients with CML or a control leukemia, ALL (Ph negative), and compared to expression of other cellular proteins, including PI3K and SHP2 (Fig. 3C) . In CML samples, SHIP was found to be not expressed or expressed at very low levels compared to the ALL sample. In contrast, all samples showed comparable levels of p85 PI3K and SHP2 expression, suggesting that primary CML cells also have reduced SHIP levels.
CGP57148B (STI571) induces upregulation of SHIP mRNA in BV173 but not K562 or Ku812 cells. To determine if BCR/ ABL affects expression of the SHIP gene, BV173 cells were treated for 0 to 18 h with CGP57148B, and SHIP mRNA levels were evaluated by Northern blotting (Fig. 4A, top) . SHIP mRNA increased modestly with maximal induction at 8 h of CGP57148B treatment. A dose-response study of CGP57148B treatment indicates that optimal induction of SHIP mRNA was at 1 M CGP57148B (Fig. 4A, bottom) . These data suggest that increased levels of SHIP protein following CGP57148B treatment may in part be due to an increase in SHIP mRNA. In contrast, K562 cells and Ku812 cells did not show any detectable levels of SHIP mRNA before or after CGP57148B treatment (Fig. 4B) . A Southern analysis was performed to determine if the SHIP gene in these two cell lines is deleted or has major structural abnormalities. The SHIP gene was found to be present in K562 and Ku812 cells and restriction digests showed banding patterns similar to that of the SHIP expressing Blin-1 cell line (data not shown).
SHIP inhibits spontaneous transwell migration in BaF3/ p210 cells. We reexpressed SHIP in BaF3/p210 cells by using a retroviral expression vector or a doxycycline-inducible expres- sion system (Fig. 5B, top; Fig. 5C, top) . Compared to vectoronly transfected control BaF3/p210 cells, reexpression of SHIP at the levels achieved here did not reduce growth rates, alter factor independence, or reduce viability. In addition, although SHIP has been shown to regulate AKT activation in B cells (2) , the levels of phospho-AKT were not changed in BCR/ABL transformed Ba/F3 cells by reexpression of SHIP (data not shown).
Hematopoietic cells spontaneously migrate on surfaces coated with extracellular matrix proteins when stimulated with hematopoietic growth factors, a process which can be in part quantified by a transwell migration assay (53) . BCR/ABLtransformed Ba/F3 cells demonstrate a significant level of spontaneous migration which can be reduced by the ABL kinase inhibitor CGP57148B or the PI3K inhibitors wortmannin (50 nM) and LY294002 (4 M) (Fig. 5A) . Treatment of BaF3/ p210 cells with CGP57148B but not with wortmannin or LY294002 increased protein expression of SHIP (Fig. 5A, top) . In a typical experiment 0.45 ϫ 10 5 out of 2 ϫ 10 5 untreated BaF3/p210 cells migrated within 5 h through the transwell membrane.
To determine if overexpressing SHIP in BaF3/p210 cells altered migration, cells were infected with a retrovirus (pPINCO) expressing SHIP under the control of a long terminal repeat promoter and GFP under the control of a separate cytomegalovirus promoter. All cell lines had comparable GFP expression, with 55 to 62% positive cells by fluorescence-activated cell sorting analysis. Increased SHIP expression was detected in BaF3/p210 cells infected with the pPINCO-SHIP virus but not the control virus (Fig. 5B, top) . The increase in SHIP protein did not reach levels present in the parent Ba/F3 cells. Migration of cells containing the empty vector (BaF3-pPINCO and BaF3/p210-pPINCO) or the pPINCO-SHIP vector (BaF3-SHIP and Ba3/p210-SHIP) was determined in a transwell migration chamber and expressed as a migration index. The mean (n ϭ 4) of the migration indices of BaF3-SHIP compared to BaF3-pPINCO cells was 1.15, and that of BaF3/p210-SHIP compared to BaF3/p210-pPINCO cells was 0.51 ( Fig. 5B, bottom) , indicating that SHIP significantly decreased the transwell migration of BaF3/p210 cells but not of Ba/F3 cells.
The effect of SHIP on transwell migration was also investigated in the BaF3-pTRE/SHIP and BaF3/p210-pTRE/SHIP cells, where SHIP was under the control of a tetracyclineinducible promoter. Doxycycline treatment resulted in expression of SHIP severalfold higher than in the untreated cells or the parent BaF3-pTRE and BaF3/p210-pTRE cells (Fig. 5C,  top) . However, there was already some increased expression of SHIP in doxycycline-untreated BaF3/p210-pTRE/SHIP cells compared to untreated BaF3/p210-pTRE cells, likely indicating that the promoter is leaky. It can also be appreciated that overexpression of the SHIP protein in Ba/F3 as well as BaF3/ p210 cells leads to the appearance of additional bands that are immunoreactive with the SHIP antibody. Most of these bands have a molecular weight lower than that of full-length SHIP, suggesting these might be degraded forms, consistent with previous reports (15) .
Increased expression of SHIP decreased spontaneous migration of both Ba/F3 and BaF3/p210 cells (Fig. 5C, bottom) . The means (n ϭ 3) of the migration indices were found to be 1.10 for BaF3-pTRE cells and 1.20 for BaF3/p210-pTRE cells, indicating that doxycycline treatment alone did not alter migration. In contrast, the mean of migration indices for BaF3-pTRE/SHIP was 0.62 and that for BaF3/p210-pTRE/SHIP was 0.52, indicating that when overexpressed at very high levels, SHIP reduces transwell migration in Ba/F3 as well as BaF3/ p210 cells. In addition, in four independent experiments, the migration in SHIP-overexpressing cells using uncoated surfaces was reduced by 43% compared to control cells, suggesting that this effect is independent of extracellular matrix proteins.
DISCUSSION
We demonstrate here that the expression of the phosphatidylinositol-5-phosphatase SHIP is rapidly and reversibly downregulated by BCR/ABL and that this requires ABL kinase activity. SHIP levels are not altered in cells expressing a kinasedead form of BCR/ABL, and SHIP rapidly reaccumulates in cells treated with a small-molecule ABL kinase inhibitor, CGP57148B (STI571). In addition, induction of the BCR/ABL protein in a tetracycline-inducible system correlates with downregulation of the SHIP protein. This downregulation of SHIP protein is specific since a variety of other signaling proteins, such as SHP2, PI3K, c-ABL, c-CBL, VAV, SHC, or paxillin, are not affected by BCR/ABL. The mechanism may be multifactorial since BCR/ABL not only reduces the estimated half-life of SHIP protein but also downregulates the amount of SHIP mRNA. Both processes can be rapidly blocked with the CGP57148B inhibitor. These observations are of note, since disruption of the SHIP gene by gene targeting results in a myeloproliferative disorder in mice (28) with many similarities to the myeloproliferative syndrome caused by BCR/ABL in mice (13, 18, 25, 32) . Thus, the results presented here implicate SHIP in the pathogenesis of the myeloproliferative syndrome characteristic of CML.
The downregulation of SHIP reported here is unique. Although there are many known signaling proteins which are tyrosine phosphorylated by BCR/ABL, overall expression of other kinase targets is generally not affected. The protein tyrosine phosphatase PTP-1B has been reported to be upregulated by BCR/ABL; this is of particular interest since PTP1B coimmunoprecipitates with and dephosphorylates BCR/ABL at Tyr177, therefore inhibiting binding of the adapter protein GRB2 and suppressing RAS-dependent transcriptional activation (34) . Thus, increased levels of PTP-1B in BCR/ABLtransformed cells should suppress transformation (34) . Expression of Abi (Abl-interacting) protein has been shown to be reduced in cells transformed by BCR/ABL through activation of the ubiquitin-proteasome pathway (12) . Similar to expression of SHIP, Abi expression is nearly undetectable in some cells from patients with Ph-positive leukemias. Abi proteins are negative regulators of transformation by ABL kinases, suggesting that loss of Abi proteins could contribute to transformation. To date, however, a direct role for Abi has not been shown in BCR/ABL transformation. Abi interacts with BCR/ ABL through the SH3 domain of ABL. In addition, Abi proteins can also bind to ABL C-terminal sequences (11, 55) . The fact that BCR/ABL downregulates Abi expression by inducing ubiquitination suggests that SHIP may also be ubiquitinated and degraded through the same mechanism. However, treatment of BaF3/p210 cells for 6 h with the proteasome pathway inhibitors MG132 (5 M), lactacystin (10 M), and proteasome inhibitor 1 (1 M) did not significantly change expression or ubiquitination of SHIP protein, detected by SHIP and ubiquitin immunoblotting in SHIP immunoprecipitations (data not shown).
Additional studies are ongoing to define the role of ubiquitination, if any, in SHIP regulation. Degradation of SHIP unrelated to BCR/ABL by an unknown mechanism has been found by Damen et al. in the murine hematopoietic cell line DA-ER (15) . In these cells, antibodies against the 145-kDa SHIP protein also identified several bands of smaller size. It was suggested that a calpain-like protease is involved in the degradation of SHIP in these cells and that the truncated forms could have different signaling properties. For example, a smaller 110-kDa form of SHIP still retained PtdIns(3,4,5)P 3 -specific 5Ј-phosphatase activity but, in contrast to the 145-kDa form of SHIP, was exclusively localized to the cytoskeleton and could not bind SHC after interleukin-3 stimulation (15) . However, at least one of the smaller SHIP-reactive bands has been identified as a spliced form of SHIP rather than a degradation product (36) . We have also observed increased levels of smaller forms of SHIP, especially when a SHIP cDNA is overexpressed in Ba/F3 and BaF3/p210 cells. Studies to determine if these smaller forms are degradation products of SHIP are under way.
In addition to the changes in SHIP protein levels, we found an increase of SHIP mRNA in CGP57148B-treated BV173 cells. SHIP mRNA was already present at significant levels in untreated cells, and the increase in mRNA after CGP57148B treatment did not reflect the more substantial increase in protein levels. This suggests that BCR/ABL-induced regulation of SHIP mRNA alone is probably not sufficient to account for all of the change in altered SHIP protein levels in these cells. BCR/ABL has been shown to regulate the expression of several genes and the activity of transcription factors such as STAT5 (8, 30, 57) . Some of the genes that are known to be regulated by BCR/ABL, including c-myc (60) and c-jun, are involved in cell cycle regulation (6) . Other genes, such as the inosine 5Ј-monophosphate dehydrogenase gene (20) , involved in de novo guanylate synthesis, or several ribosomal genes (10) are likely to be regulated as a result of increased proliferation.
In contrast to BV173 cells, the two Ph-positive cell lines K562 and Ku812 had undetectable levels of SHIP mRNA and protein, and the complete loss of SHIP was irreversible when BCR/ABL kinase activity was inhibited by CGP57148B treatment. Southern blot analysis revealed that at least one copy of the SHIP gene is present in these two cell lines but did not reveal rearrangement of the gene. It is possible that there are smaller mutations which inactivate expression. The identification of mutations which reduce SHIP expression or function in these Ph-positive cell lines would provide additional evidence that SHIP functions as a tumor suppressor gene in CML.
The mechanism whereby loss of SHIP expression causes a myeloproliferative disease is unknown. A reasonable hypothesis, however, is that SHIP normally modulates levels of inositol lipids formed in response to activation of PI3K and related enzymes. PI3K activity is important for normal hematopoietic cells (19, 54, 61) and for transformation by BCR/ABL (58) . Recently the expression and tyrosine phosphorylation of the SHIP-related protein SHIP2 in CML cells had been described (66) . SHIP2, like SHIP, has PtdIns(3,4,5)P 3 -specific 5Ј-phosphatase activity (24, 66) , but in contrast, the SHIP2 protein levels are not changed in BCR/ABL-transformed cells (66) . It is unlikely that the activities of SHIP2 and SHIP are redundant, since SHIP Ϫ/Ϫ mice have a severe hematopoietic phenotype.
Vollenweider et al. have reported that expression of SHIP after nuclear microinjection inhibits membrane ruffling induced by insulin, insulin-like growth factor I, and plateletderived growth factor in 3T3-L1 adipocytes (65) . This effect of SHIP on the cytoskeleton was restricted since growth factorinduced stress fiber breakdown was not affected (65) . This finding further supports the notion that SHIP substrates are likely to play an important role in cytoskeletal rearrangements. Interestingly, disruption of three phosphatidylinositol-polyphosphate 5-phosphatase genes in yeast with similarities to SHIP results in cytoskeletal abnormalities (59) . Nevertheless, we did not detect a significant difference in F-actin content in BaF3/ p210 cells overexpressing SHIP compared to wild-type cells (data not shown).
We have investigated the effects of overexpressing SHIP in BCR/ABL-transformed cells by transfection using two different approaches. Overexpressing SHIP at moderate levels with a retrovirus led to a decrease in spontaneous transwell migration of BCR/ABL-transformed Ba/F3 cells. However, with a tetracycline-inducible promoter to express SHIP at very high levels, there was also a significant reduction in transwell migration in untransformed cells. Abnormal cytoskeletal function has previously been linked to the transformed phenotype in CML cells. We have previously shown that BCR/ABL induces cytoskeletal abnormalities that affect morphology, motility, and adhesion (48) . Also, CML progenitor cells were shown to have diminished ability to adhere to stromal cells (22) and reduced long-term adhesion to fibronectin (64) . It has been suggested that altered cytoskeletal function leads to premature release of CML cells from the marrow and accumulation of myeloid cells in the blood. The regulation of cytoskeletal function is equally important for the regulation of normal hematopoiesis (63) . Downregulation of SHIP by BCR/ABL and increased cell migration may therefore contribute to an increased release of cells from the bone marrow.
Considering the results presented here, it will be of interest to further compare the mechanism inducing the myeloproliferative disease in SHIP knockout mice with that of BCR/ABL. By identifying critical signaling pathways affected by loss of SHIP expression, it may be possible that disease-specific, rational drug design can take place. In any case, it is likely that further characterization of the myeloproliferative phenotype in the SHIP knockout mice will help to understand the mechanism of transformation by BCR/ABL in CML.
